Abstract: Bimodal molecular mass distribution (MWD) of polymers, obtained upon polymerization of hydrocarbon monomers in the nonpolar media under the action of dilithium initiators, is the consequence of separation of the reaction mixture into two phases. Bifunctional /living/ oligomers produce the insoluble sediment due to tetrameric association of the lithium active sites (the swollen gel-fraction). Part of the active site remains in the solution (the solfraction). Di¬erence in the concentrations of the active sites into the phases leads to di¬erence between the propagation rates of the /living/ chains and, as a result, to Bimodal MWD. The mathematical model of polymerization in the two-phase system is proposed. Satisfactory agreement between the calculations and the experiments is shown for butadiene polymerization in heptane under the action of 1,4-dilithiumpentane. Regulation of MWD up to the complete elimination of bimodality is possible via the programmed dosage of monomer and solvent into the reactor.
Introduction
Many authors discovered bimodal MWD of polymers, which are formed during polymerization of hydrocarbon monomers under the action of dilithium initiators in nonpolar ¤ E-mail: estrin@icp.ac.ru media. Jacovic et al. [1] connected this phenomenon with sharp di®erences in reactivity of the intramolecular (cyclic) and the intermolecular associations of active sites. They assumed that the cyclic associates are considerably less reactive than the intermolecular acyclic ones. The authors of the subsequent works [2] [3] [4] [5] , in which this phenomenon was investigated in more detail, accepted this explanation too. Madani and colleagues [6] attempted to calculate the fraction of the cyclic associates depending on the length of the "living" bifunctional macromolecules and described the obtained results based on these calculations.
We also detected bimodal MWD of the oligomers, obtained during the polymerization of butadiene under the action of di-secondary dilithiumalkanes (DSDLA) { the hydrocarbon dissoluble dilithium initiators [7] . Separation of the reaction mixture into two phases { forming the high-viscous sediment and the transparent low-viscosity solution { is observed visually in this process soon after the beginning of the reaction. The sediment is enriched with bifunctional \living" oligomer, insoluble in hydrocarbons. The solution contains mainly the monofunctional \living" macromolecules. The sources of appearance of the monofunctional macromolecules can be di®erent, speci¯cally, presence of monofunctional impurities in the initiator or impurities in monomer and solvent, which deactivate the initiator in part. Some side reactions can accompany also the reaction of initiation at interaction of the bifunctional initiator with monomer (for review, see Estrin [8] ).
It was logical to connect bimodality of MWD of formed polymers with the two-phase nature of the reaction mixture. Actually, di®erences in the concentrations of the reagents between the phases explain well the di®erence in the growth rates of the chains in such a system. In the subsequent works [9] [10] [11] , we examined in detail the mechanism of formation of bimodal MWD in the two-phase reaction mixture at \living" lithium polymerization. The present article is a critical generalization and development of these works. The possibility of the programmed control of MWD in course of polymerization is examined here also.
Results and discussion

Why bimodality of MWD can not be explained by reactivity distinctions of the cyclic and acyclic associates?
Let's consider the standard scheme of lithium polymerization in hydrocarbon media, which takes into account association of the active sites:
Here, M -monomer, k -the degree of polymerization of the living macromolecule P k Li, n -the association extent, K n -the constant of equilibrium of dissociation, k p { the rate constant of addition of monomer to the non-associated active site [12] .
The reaction in Eq. 2 is assumed as the limiting stage of the process, moreover the K n value is su±ciently small and growth of the chains occurs only on the free (non-associated) form of the active sites. The kinetic reaction order of chain growth corresponds to the reciprocal value of the association extent, i.e.:
Here, k e { the e®ective constant of the reaction rate, namely k e = k p (K=n), [M] { the concentration of monomer, [PLi] 0 { the total concentration of the growing chains. The process of establishing equilibrium is considered as the fast one, i.e. the rates of association and dissociation are much higher, than the rate of the chain growth. Therefore, the time of life of the associates must be much less than the time of increase of a chain length for one unit. The growing macromolecules can change the association conditions repeatedly during one act of growth. Thus, smoothing of the reactivity (accordingly, of the growth rates) of all macromolecules is inevitable.
Further, let us examine the problem of the part of the free active sites (µ s ) in case of the cyclic and the acyclic associates. For the intermolecular acyclic associates, this part depends on the concentration of the active sites and makes up ¹ (2K da /[PLi] 0 )
1=2 at the rather high concentration of PLi, where K da is the dissociation constant of the acyclic associates. If to accept that the K da value is about 10 ¡8 ¡ 10 ¡10 mol/L (in accordance with Young et al. [13] ), the µ s value must vary from ¹ 4 ¢ 10 ¡5 up to ¹ 4 ¢ 10 ¡3 in an interval of change [PLi] 0 from 10 ¡1 up to 10 ¡3 mol/L.
It is more di±cult to estimate the K dc value { the dissociation constant of the intramolecular cyclic associates. Value of µ s at the monomolecular cyclic association does not depend on its concentration and makes up ¹ 2K dc at K dc ½ 1 (if to take into account only dimeric association). Madani et al. [6] 
of the part of each associate type, where the constant of the dissociation of the cycle of the "single length" K 0 is ¹ 10 ¡3 . However, Markevitch et al. [14] have shown that the exponent in the K dc dependence on the chains length must be 3/2. It has been shown in previous work [15] that the K 0 value is, apparently, less then 10 ¡3 , and the value ¹ 10
¡4
is the more actual one. That is, the expression K dc (k) º 10 ¡4 ¢ k 3=2 is the much more acceptable one. In this case, the µ s value for the cyclic association of the very short chains should be in an interval of values, typical for the acyclic associates. The µ s value grows rather quickly in accordance with growth of the cycle size. Thus, the assertions about sharp di®erences between the reactivities of the cyclic and the acyclic associates have no serious vindication from the point of view of the part of the free active sites for the di®erent types of associates.
The¯rst model of polymerization in the two-phase reaction mixture
Authors of the works mentioned above [1] [2] [3] [4] [5] [6] ignore an important question; what are the acyclic tetramerous associates of the bifunctional macromolecules? The answer can be only one { cross-linked insoluble gel swollen in the mixture of monomer and solvent. It is easy to show that the concentration of the "living" active sites in such gel is huge at the initial stage of polymerization, i.e. for the very short chains. This concentration can achieve up to 10 mol/L and more for initial terms of series of the bifunctional oligomer homologues. The swelling degree of such densely cross-linked network must be very low. The rate of increase of polymer MW is much lower in such conditions than in the solution, in which there is the part of the \living" macromolecules (even without taking into account the di®usive restrictions). The last part is the sol-fraction, which exists nearly any cross-linked system.
Really, the rate of increase of chains length can be presented as the relation of the polymerization rate (according to the equation 3) to the number of the growing chains:
From here follows, the rate of growth of the polymerization degree does not depend on the concentration of the growing chains, except in the case of n = 1. The lover the concentrations of the chains is, the faster they grow at n > 1. This dependence is proportional to [PLi] ¡1=2 0 and to [PLi] ¡3=4 0 at n = 2 and n = 4, correspondingly. The distinction in the concentrations of the growing chains between the gel-fraction and the solution can achieve several orders. Formation of the bimodal MWD becomes unavoidable by this reason. The basic elements of the network structure and some types of the associates forming sol-fractions are shown schematically in the Figure 1 . It is necessary to note that the free and dimeric acyclic, as well as the cyclic associates of the c-and dstructures, form the sol-fraction even in the case of full bifunctionality of \living"polymer y .
The less the quantity of defects in the network is, the less the part of the active sites in the sol-fraction located is, and, correspondingly, the bigger the di®erence in the rates of an increase in the lengths of the chains in the solution and in the precipitate must be. Really, addition of electronodonors or monofunctional impurities leads to the reduction or to full disappearance of MWD bimodality of resulting polymers [1] , [2] , [4] . The additives decrease the cross-linking degree of the gel-phase and thus increase the degree of its swelling and the part of the sol-fraction.
The question is quite natural; Why have there been none previous attempts to link MWD bimodality of formed polymers with heterogeneity of the reaction mixture? The following assumptions are most plausible:
Synthesis of rather high-molecular polymers previous works was studied at the concentration of the initiator about 0.001 mol/L. The volume of the sediment will make about 0.2% of the reaction mixture volume at the degree of polymerization equal 30 in this case, and in view of swelling no more than 4%. Such amount of sediment can remain unnoticed visually, especially if the most part of the sediment does not form the suspension (the reaction mixture would lose transparency), but obduces the reactor walls as a thin¯lm. In our works, we used concentrations of initiator of up to 0.1 mol/L. Thus, the y We supposed incorrectly earlier, that forming of the sol-fraction is connected only with the presence of the monofunctional macromolecules [9] volume of the sediment achieves 5% (in view of swelling { more than 10%) of the total amount of reaction mixture already at the polymerization degree of about 10. Such an amount should be noticed in any case.
If the reaction begins at 20{30º C, the initially transparent reaction mixture becomes milk-white, then sediment sticks together to big high viscous semitransparent lumps, the solution becomes transparent and has low viscosity initially. The sediment volume increases gradually, the sediment becomes more mobile, and the solution becomes more viscous. After the sediment and solution volumes become comparable, the reaction mixture becomes outwardly homogeneous but not transparent, and its viscosity sharply increases. Adding of ethylene oxide to the reactor leads to forming of the¯rm gel. If reaction temperature was about 50º C at beginning, we observed only turbidity of the reaction mixture; its viscosity was not so large up to the¯nishing of the process. Adding of ethylene oxide to the reactor does not lead to forming of gel (increase of viscosity was observed only), and average functionality of obtained oligomers was not above 1.5 in this case.
It should be noted that separation of the reaction mixture into two phases during the polymerization under the action of various dilithium initiators is described in a number of works. Thus, Obriot, Favier and Sigwalt [16] studied polymerization of butadiene in heptane under the action of the suspension of initiator on the basis of ®, !-bis-(phenyl ethylidenyl)-alkanes and sec-or tert-butyl lithium. They noted: "a deposit of initiator remained tightly stuck on the reactor walls, especially at the meniscus level". As it follows from chromatographic data, the overwhelming majority of the initiator fragments are concentrated in the low-molecular part of polymerization product (UV-detector), which is not detected by the refractometer as a result of its very low concentration. But in the high-molecular part (the only peak during the detection by the refractometer), the fraction of the initiator fragments is very small. Sanderson , Roediger and Summers [17] observed "mixed phase system" at polymerization of butadiene in isooctane under the action of dilithium initiator on the base of m-divinylbenzene and sec-butyllithium in the presence of small amounts of triethylamine. We also observed the two-phase system formation at polymerization of butadiene under the action of initiator synthesized from 2,4-hexadiene and lithium in benzene-triethylamine mixture, proposed by Morton et al. [18] . Although this fact is not discussed in our work [19] , the reaction mixture split up to two phases at the initial stage { the high-viscous sediment and the liquid transparent solution. Hydroxyoligobutadienes obtained by this way contain the mono-, di-, and trifunctional fractions; their functionality type distribution chromatograms are very similar to the chromatograms of hydroxyoligobutadienes obtained under the action of DSDLA (see below).
Thus, insolubility of bifunctional "living" polymers and two-phase character of the discussed reaction system should not give rise to doubts. The kinetic model describing polymerization in the two-phase system was o®ered in the work [10] for the quantitative description of bimodal MWD formation. The basic postulates of this model can be formulated as follows:
After the fast initiation of polymerization, only a certain portion (®) of the "living" chains of length n 0 forms sediment (the gel-fraction) due to the tetramerous cross-linking of their ends, while the other part of the chains (1 ¡ ®) remains in solution (the solfraction). The gel-fraction swells in the mixture of monomer and solvent, and the swelling degree is determined by the concentration of the network nodes and by the interaction parameter according to the Flory-Rener equation. The network can be an imperfect one. For instance, the system can contain the monofunctional fraction and the cyclic structures; besides, not all ends of the chains can participate in the tetramerous crosslinking due to topological reasons. Therefore the parameter of the cross-linking e±ciency (") is used to account for the imperfection of the network. The " value is the part of the active sites, which participate in forming of the tetramerous nodes. Quantity of polymer in the sediment phase increases in the process of the chains growth and the concentration of the network nodes decreases at the same time. The swelling degree increases as a result, i.e. the volume of this phase grows faster than the weight of polymer grows. The concentration of the active sites in the sediment phase is reduced as its volume increases, but it grows in the solution, as its volume decreases. As a result, such state of the system can be achieved, when the volume of the sediment becomes comparable with the volume of the reaction mixture. This condition can be considered as the stage of homogenization of the reaction mixture. It is essential that the rate of the chains propagation is practically identical for the all active sites after homogenization. In view of the greater functionality of the macromolecules of "former" gel, the low-molecular fraction begins to overtake the high-molecular one. However, heterogeneity can be kept up to the full consumption of monomer depending on the initial composition of the reaction mixture and the numerical values of the ® and " parameters. The following assumptions are made in the model: (1) Swelling of the sediment is equilibrium, i.e. the di®usion rate of solvent and monomer in the sediment is quite great, and the monomer:solvent relations are identical in the both phases. (2) The exchange of the macromolecules between the phases is missing, i.e. the ® value is constant. Only the relations of the polymer amount formed in the each phase to the corresponding amount of initiator determine the polymerization degrees of matched polymers. These assumptions, concerning the processes of the interphase exchange, seem insufciently proved. However, the qualitative in°uence of the processes of the interphase exchange on the¯nal result is quite predictable. Therefore it is worthwhile to examinē rst the simpler, purely kinetic model. The reaction runs as in the two \reactors", each of them has the own values of the reaction mixture volume and the concentrations of the reagents. The values vary di®erently in time. As shown above, distinction in the growth rates of the polymerization degrees in the solution and in the sediment is bound to the non-linearity of the dependence of the polymerization rate on the concentration of the active sites. Therefore, the problem is to calculate the concentration of each reagent in the both \reactors". Thus, it is necessary to take into account the exchange of solvent and monomer between the phases, which takes place during swelling of the sediment. The schema of the calculations is presented below.
Description of the calculations schema
Let's accept the following table of the symbols: V s { the volume of solvent (Eq. 1); M 0 and M { the initial and current amounts of monomer (in grams); m { its molecular weight; ½ p and ½ m { density of polymer and monomer, correspondingly (g/L); m = M=½ m V s { the relation of the volumes of monomer and solvent; I { total amount of the active sites (in moles), ® { their part in the sediment; n 0 { the initial degree of polymerization (to the moment of the sediment forming).
Then the initial amount of polymer in the sediment and in the solution (in grams) can be written down:
In this case, the material balance equation looks as follows:
Here P g and P s are the current amounts of polymer in the sediment and in the solution, accordingly. The sediment volume can be calculated as follows:
where ' is the swelling index. The index ' is bound to the concentration of the crosslinking nodes°(1/L) by the Flory-Rener equation [20] :°=
Here Â { the parameter of the polymer-solvent interaction, º = 1=(1 + ') { the volume part of initial polymer in swollen polymer, f { unctionality of the nodes, V p { the molar volume of solvent (L/mol), a s { the solvent activity which routinely accept equal one. The analytical solution of the inverse problem { the de¯nition of the swelling value as the function of the nodes number { is not possible, however the method of approximating can be used. For this purpose, the°values were calculated in the wide interval of the ' values at the speci¯c values of Â. Inverse dependencies of ' on°were approximated by the analytical equations. The most applicable equations are the exponential ones of the next view (see Figure 2) .
Here a and b { the values depending on Â and V p z . The Â values proved to be equal to 0.314 (a = 3:49; b = ¡ 0:563) and 0.510 (a = 2:44; b = ¡ 0:577) for benzene, and heptane, accordingly [21] .
In turn, the concentration of the four-functional cross-linking nodes of not swollen polymer is easy to calculate:
The total volume of solvent and monomer in the sediment is:
The amount of monomer in the sediment is:
The volume of solvent in the sediment is:
Then the volume of solvent in the solution is equal to V ss = V s ¡ V sg , and the amount of monomer in the solution is equal to M s = M ¡ M g . In this case, the volume of the solution will make:
Now, it is easy to¯nd the concentrations of the reagents in the sediment and in the solution.
The monomer concentration in the solution is:
The monomer concentration in the sediment is:
The concentration of the active sites in the solution is:
The concentration of the active sites in the sediment is:
As described by Shamanin et al. [22] , dependence of the e±cient kinetic constant on the concentration of the active sites for lithium polymerization of butadiene in hydrocarbon media was chosen for evaluation of the growth rates of the chains:
Here C i { the total concentration of the active sites, C 1 , C 2 , C 4 { the concentrations of their monomeric, dimeric and tetramerous forms, k 1 , k 2 , k 4 { the kinetic constants of chain growth on these forms x ; thus:
Here K 2 and K 4 { the equilibrium constants of dissociation of the dimeric and tetramerous associates of the active sites; k 1 , k 2 and k 4 { the kinetic constants of propagation on the monomeric, dimeric and tetramerous forms, accordingly. The numerical values of the constants and of their combinations, necessary for calculation of the e±cient kinetic constants, make in case of polymerization of butadiene at 20-25º C in aliphatic solvents (hexane, isooctane) [22] :
It is possible to write down the following di®erential equations for the rate of increasing of the polymer amounts in the sediment and in the solution:
The polymerization degrees of resulting polymers in the sediment and in the solution are determined, accordingly, as:
The factor 2 in the Eq. 26 is introduced because the bifunctional macromolecules present preferentially in the sediment; integral chain length of those is twice more, than number of the monomer units, falling at one active site.
The integral conversion of monomer is determined by the equation:
x It means that the chains propagation occurs not only on the free active sites, but also on their associates.
The system of the Eq. 5 { 28 completely describes the process on the assumption that all kinetic parameters, in particular K 2 and K 4 , and also " { the cross-linking e±ciency of the gel-fraction { do not depend on the chains length. This assumption, as will be show below, essentially simpli¯es the image of the process in comparison with the real one. However, it can be used for the tentative estimation of the in°uence degree of the various initial parameters on the reaction character.
The¯= n s =n g value is used as the key parameter describing formation and evolution of bimodal MWD during the reaction. The system of the Eq. 5 { 28 was solved by the Runge-Kutta numerical integration method. The initial degree of polymerization n 0 falling at one active site was varied from 1 up to 5 (the size of the initiator fragment was neglected). Accordingly, the initial polymerization degree in the sediment was varied from 2 to 10.
The Flory-Rener equation is valid for the chains, length of which exceeds the Kuhn segment size. There is a question on applicability of the equation for the rather short chains at the initial stage. However, it is known, foremost, that the Kuhn segment consists of 3-4 monomer units for the rather°exible polydiene chains. Secondly, the errors, which can be connected with the authenticity of the made above approach, can be compensated by the initial approach of the n 0 value. Besides, it is most important to calculate correctly the sediment volume at the big swelling indexes. The next question is essential for the solution of the task: when the "dissolving" of the sediment occurs. It was accepted that the reaction mixture becomes homogeneous at the moment when the concentrations of the growing chains in the sediment and in the solution become equal. Accordingly, the rates of chains propagation in the sediment and in the solution become equal too.
Results of the calculations by use of the simpli¯ed model
Calculated dependencies of the¯value on the monomer conversion´for two solvents (benzene and heptane) at the various values of the initial parameters are shown in the Figures 3 and 4 . As it is visible on the Figure 3 , nature of solvent in°uences the result a little (compare the curves 1 and 2). Quick growing of the¯value is observed in the beginning of the process; the subsequent smoothed fall take place in all cases after the maximum. The higher the maximum is, the higher the¯nishing¯value is. As one would expect, diminution of the ® and " values results in decrease of the¯values.
Dependencies of the¯on the conversion are submitted in the Figure 4 at the various values of the initial concentrations of monomer and initiator. It is visible that the initial monomer concentration in°uences substantially on the¯nishing bimodality parameters at the constant values of [M ] 0 /[I] 0 , ® and ". The higher the M 0 value is, the less the maximum and the¯nite¯values are, that well conforms to the observations described earlier [7] . The¯nishing bimodality parameter depends insigni¯cantly on the concentration of initiator though during the reaction the maximal values¯are much higher at the low concentration of initiator (compare the curves 5 and 4 on the Figure 4) .
Obtained dependences qualitatively re°ect change of the polymer MWD in the course of polymerization and show the possible methods of regulating the MWD parameters of polymers. However, it is necessary to consider the possible changes of the equilibrium constants of dissociation of the active sites associates in the reaction course for quantitative comparison with the experiment. These changes can lead both to the change of the e®ective rate constants of the chains growing in the both phases and to the change of crosslinking e±ciency into the gel-phase.
The improved model
The guess that the dissociation constants K 2 and especially K 4 can increase in accordance with the increase of the growing chains length was stated as early as 1982 in the work of Shamanin et al. [22] . Growing of the e®ective kinetic propagation constant must be observed during the reaction as a result. The quantitative assessment of dependence of the dissociation constants of the star-shaped associates on the arms length is carried out in the work [15] . The computer "self-avoided walk" model of the freely jointed chains on the cubic lattice was used for that. The obtained correction factors for the dissociation constant of the tetramers up to the dimers have the following view:
and for the dissociation constant of the dimer to the free chains:
Here N is the number of the monomer units on each polymer chain. In the same work, the estimation of probability of existence of the macrocycles is carried out and the relations between the cyclic, acyclic and mixed associates are calculated depending on the chain length in the interval of the N values from 1 to 500.
Naturally, it would be to use the obtained relations for improvement of the discussed two-phase model of polymerization. However, taking into account of the change of the " value during the reaction is the most important improvement. If to assume that there are only the bifunctional macromolecules in the gel-fraction (sediment), the part of the active sites which makes the tetrafunctional nodes can be calculated as 4L 4 =(4L 4 + L 1 + 2L 2 + 4CL 2 ) (the symbols sense see on the Figure 1) . Thus, it is supposed that cyclic associates C 1 and C 2 are in the sol-fraction (solution). In accordance with the chains propagation the nodes number L 4 grows due to diminution of the number of the network defects such as CL 2 , and the " value must be increased.
However, increase of the K 2g and K 4g values according to the chains propagation can occur at once by two mechanisms. First of them, namely the e®ect of excluded volume discussed above, is identical both to the sol-phase and to the gel-phase. As the length of the chains in the gel-phase is much less than in the sol-phase, this e®ect should play a slight role in the¯rst one. The second mechanism is connected with the following circumstance { the chains in swollen cross-linked polymer undergo tensile stresses owing to swelling pressure. These stresses should facilitate the dissociation process. As a result the e±cient kinetic constant of the chains propagation in the gel-phase increases. Simultaneously the concentration of the cross-linking nodes and, correspondingly, the " value diminishes.
The swelling pressure value (p) is proportional in the¯rst approximation to the number of the elastically active chains in the polymer volume V and can be written as [23] :
Apparently, pV { the value of work, attributed to one mole of the chains, is equal to di®erence of the chains entropy in the cross-linked state and in the completely dissociated one ¡ ¢S = pV =n c = RT (if swelling is the athermic process). The n c quantity is proportional to the " value and the number of elastically active chains decreases on 2 at dissociation of the tetramerous associates. Thus the appropriate correction factor for the equilibrium constant of the tetramerous associates dissociation should be equal:
The number of the elastically active chains decreases on unit at the dissociation of the dimeric associates, therefore:
It is necessary to calculate the " value, i.e. the part of the active sites formed the tetramerous associates in the sediment for determination of the swelling value. It is possible to use for this purpose the approach stated in the work [15] above mentioned. Evaluation of the parts of all associates types of the bifunctional macromolecules, including the cyclic, the mixed, and also the free ends of the chains, is made with use of the dissociation constants of the acyclic dimeric and tetramerous associates, the cyclic and mixed associates, taking into account the mass balance of the active sites (see above). In this case, the " value is the function of the dissociation constants, which, in turn, are the functions of the swelling value (') depending on the ". The self-consistent procedure was utilized for evaluation of the " and the dissociation constants in the sediment at each value of the chains length. Evaluation of the e±cient chains propagation rate constant in the sediment was made after achievement of the " convergence by the same rules, as in previous work [10] .
It is necessary, obviously, to discuss a question about the assumption of constancy of the active sites distribution between the phases (the value ®). In principle, this value can depend on the conversion, in particular, on the relation between the cyclic and the acyclic associates. However, the precut estimation indicates that to the moment of completion of the sediment phase formation, the part of the cyclic associates is rather small. Apparently, the monofunctional macromolecules contribute to formation of the sol-fraction for the most part. The precise theoretical evaluation of the relation between the sol-and the gel-fractions in such system is a rather complicated independent problem, whose solution exceeds the scope of the given study. Therefore, the assumption about constancy of the ® and about absence of the exchange with the macromolecules between the fractions is kept in the improved model. As it will be shown below, the ® can be easily determined experimentally and then utilized at calculations. It is necessary to note also, that bimodality of MWD is impossible in principle in the case of quite fast, not di®usive controlled interchange with the macromolecules between the phases. In fact, the propagation rates of all chains in this case would be averaged. The discussion can deal only with the slow and limited exchange (see below).
It was desirable to use the polymerizing system, in which bimodality of MWD would be su±ciently clearly expressed, for the experimental check of the described above model.
Choice of initiator for experimental veri¯cation of the two-phase process model: features of butadiene polymerization under the action of 1,4-dilithiumpentane
The side reactions take place at the stage of polymerization initiation of butadiene under the action of hydrocarbon soluble disecondary dilithium alkanes (DSDLA) [7] . The possibility of intensive metallation and elimination of lithium hydride in the course of initiation was shown at the study of the model reaction of interaction of oligobutadienyl lithium with 2-lithium hexane at medium temperatures (30-50º C) [24] . One should note in this case that secondary lithium alkane does not react with "dead" oligobutadiene under the same conditions. As the result of the side reactions at the initiation stage, the intermixture of the macromolecules having di®erent functionalities is generated { from the monofunctional ones, the part of which can achieve 30%, up to the three-functional ones. Di®erence between MW of the high molecular weight and the low molecular weight fractions is rather insigni¯cant in this case, as it follows from experiments and from calculations too. Di®erence at the end of polymerization cannot be observed often by the SEC method because of superposition of the all fractions peaks. Moreover, the sediment sticks to the reactor walls and to the agitator and practically does not get in the samples. The measurements of the bimodality parameters by the sample drawing method in the course of the reaction would be incorrect for this reason. The experiments with the phase separation have shown that the ® value is less than 0.7 after forming of the gel-phase in these conditions. We found out recently, that asymmetrical primary-secondary dichloroalkanes, in particular 1,4-dichloropentane, react easily with lithium in hydrocarbon medium as well as disecondary dichloroalkanes. Thus the quite concentrated solutions of corresponding dilithium derivative are obtained. The yield of desired products achieves 90% in case of 1,4-dilithiumpentane (DLP):
Analyses of the active lithium content and of the pentane concentration (by GLC) in the probe of the initiator solution after hydrolysis are identical with accuracy 1-2%.
Asymmetrical primary-secondary dilithium alkanes (PSDLA) are much less inclined to the side reactions during initiation of dienes polymerization, unlike symmetric DS-DLA. As a result, obtained polymers contain the molar part of the macromolecules, the functionality of which di®ers from two, less than 10%, as it follows from results of the functionality type distribution (FDT) analyses of end-hydroxylated oligomers (see below). Moreover, the reaction mixture remains heterogeneous during all process of polymerization in case of synthesis of rather low molecular weight oligomers (MW less than 5000 { 10000 units). The reaction mixture is the relatively mobile suspension of insoluble bifunctional "living" oligomer up to the rather high conversion levels. We expected therefore the samples of reaction mixture to be rather representative.
That circumstance was taken into account at the choice of initiator also, that polymers obtained under the action of PSDLA possess sharply expressed bimodality of MWD, well resolved in the SEC conditions. Though the molar part of the monofunctional fraction in the products is low, its weight part can reach 50% and more because this fraction has MW in some times above, than the bifunctional one. We could consider that these features of behavior of the polymerization system on the basis of PSDLA as initiator would allow us to obtain the more reliable experimental data.
Results of calculations by the improved model and comparison of them with the experiments
It was visually revealed at polymerization of butadiene in heptane under the action of DLP at the low concentrations of the initiator (¹ 10 ¡2 mol/L) that the sediment of low molecular weight bifunctional polymer is gradually divided into the two parts. The one part remains as suspension, and the second one adheres to the vessel walls and to the agitator as viscous semitransparent mass, similar to how it occurs in the case of DSDLA. This phenomenon was di±cult to visualize at the higher initiator concentration (up to 10 ¡1 mol/L) owing to opaqueness of the concentrated suspension. Therefore, the part of the low-molecular fractions in the samples turns out understated at the initial stage of the reaction. Moreover, the trimodal MWD is observed after \dissolution" of the sediment. Change of the SEC character of polymers during the process is submitted on the Figure 5 . It is visible, that the part of the low-molecular fraction is very small at the initial stage. Then it grows rapidly, and the low-polymeric fraction becomes the bimodal one. When this bimodality is not expressed apparently, the low-polymeric part of the SEC curve is much wider, than the high-polymeric one. Apparently, the velocities of increase of the MW values in the two parts of the sediment noticeably di®er among themselves. At the same time the MW of the both parts of the low-polymeric fraction is much below, than the MW of the high-polymeric one. Thus, the ¹ P n values of the fractions can be used for comparison with the calculated values.
The conditions of the experiments carrying out are given in the Table 1 . Some characteristics of obtained polybutadienes are given there. The part of the active sites in the sediment ® is the rather important parameter for comparison of the experimental and calculated data. The following reception was utilized for determination of the ® value in the¯nal polymers. Ethylene oxide was injected into the reaction mixture after completion of polymerization for forming of the hydroxyl end groups:
The part of polymer was treated by ®-naphtylisocyanate for turning of the hydroxyl end groups into the naphtylurethane groups:
The both reactions are the quantitative ones, as it was established earlier [25] . The naphtylurethane end groups, unlike the polybutadiene chains, have the high extinction coe±cient in the range of 220{300 nm, which is su±cient for their accurate detecting at the very low concentration typical for the high-polymeric fraction. Polybutadiene is practically transparent at the waves lengths more than 220 nm. Therefore integral intensity of the peaks in SEC of the urethanated samples is proportional to the concentration of the initial OH-groups in the respective fractions if detection is carried out at the wavelengths >220 nm. Thus, the relation of the active sites quantities in the fractions can be determined.
The SEC-traces of the urethanated sample shown on the Figure 5 as the 7th one, recorded simultaneously by the refractometric and photodiode-array detectors (PDA), are shown on the Figure 6 . The ® values, given in the Table 1 , are calculated from the relations of integral UV absorption intensities of the high molecular weight and low molecular weight fractions of urethanated polymers.
Determination of the P g and P s quantities was carried out by the routine fashion in the case of the well-resolved peaks (the refractometric traces) of the relevant fractions (the initial samples, for example the traces 1-3 on the Figure 5 . The procedure of the separation described in the work [11] was used for the poorly resolved peaks (the intermediate samples, the traces 4-6) or for the partially overlapped peaks (the¯nishing samples as a rule). Experimental and calculated dependencies of P s and P g on the conversion are displayed on the Figures 7a{7d. As it is visible on the Figures 7a and 7b , the experimental P g and, especially, P s values are quite close to the calculated ones at the rather low concentrations of the initiator. Underestimation of the experimental P g values at the conversion up to 0.2 is clear if to take into account, that at this stage the samples contain substantially the suspended part of the gel-fraction. This part of gel is unable to coagulation owing to the low polymerization degree; consequently, it is densely cross-linked. Discrepancies between the experimental and calculated P g values make less than 40% in the¯nishing points, where the whole polymer was exposed to the analysis.
The experimental P s values are also, on average, close to the calculated ones (discrepancies do not exceed 50%). However, more sluggish propagation of the experimental P s value in the comparison with the calculated curve plays the attention to itself. The gradual transfer of the part of the active sites from the gel-phase to the sol-phase in accordance with propagation of the chains and diminution of cross-linking e±ciency in the gel-phase is the most reasonable explanation of such behavior. Such transfer results in additional increase of the active sites concentration in the solution and, accordingly, decrease of the chains propagation rate. Thus, the initial ® values are, apparently, a bit above, than the ® value obtained from the¯nishing polymers analysis. It can be one of the reasons why the initial measured P s values are noticeably higher than the calculated ones. The average P s values become below of the calculated ones to the end of the process due to transferring of the part of the macromolecules from the gel-fraction into the sol-fraction.
It would be possible to assume that the part of the active sites dies in the course of polymerization. This circumstance would also lead to increase in the part of the solfraction. However, we ascertained previously that death of the active sites is negligible under the conditions of our experiments if the reaction proceeds in the homogeneous solution. Thus, we obtained monofunctional standards with MW from ¹ 2:000 to ¹ 70:000 by polymerization of butadiene under the action of sec-BuLi during the development of the method of the FDT analysis of hydroxyoligobutadienes (see work [25] ). The part of non-functional fraction does not exceed 1% in all of these polymers.
So, it is possible to con¯dently assert on the basis of comparison of the experiment with the calculations that the o®ered model of the two-phase process re°ects the real mechanism of the bimodal MWD formation both qualitatively and quantitatively.
Distinctions between the experimental and estimated P s and P g values are considerably more appreciable in the case of the high initiator concentration, as it displays on the Figure 7c . The experimental P g values in the course of the process are much lower than the calculated ones. They become nearer one to another only by the end of the process. The main reason for this behavior is, most likely, the same as at the low initiator concentration, but a percentage of the suspended part of the gel-fraction is much less, than at the low initiator concentrations. At the same time the P s values in the experiment are much higher than the calculated ones.
Basic observed di®erences between the experiments No 1-2 and No 3 consist of the following. The volume of the gel-fraction is rather insigni¯cant at the initial stage of the reaction in the case of the former experiments set (at the low concentration of initiator). Some part of the sediment forms shallow layer on the agitator and walls of the reactor, and the other part create light turbidity. In the case of the experiment No 3 (at the high initiator concentration) the sediment forms rather large lumps, which stick to the agitator; the lumps are washed by the solution without deforming. The most reasonable explanation of the distinctions in behavior of experimental dependencies lies in the fact that the assumption about the absence of the di®usive restrictions for solvent and monomer exchange between the phases is incorrect at the high initiator concentrations. As a result, the monomer concentration in the sediment is below, than in the solution and it is real below than the equilibrium swelling degree. This circumstance must deeply in°uence the relationship of the chains propagation rates in the phases. The break on the calculated P s dependence plays the attention to itself on the Figure  7d . This break corresponds to the conversion at which the reaction mixture can be considered as the homogeneous one (V g ¶ ®V ). Up to this moment, the volume of the solution phase progressively decreases, and the concentration of the active sites in the solution, grows. This results in slope of the chains propagation rates. The concentration of the chains is averaged after this moment, and the chains propagation rate is again incremented. Moreover the more lengthy chains should grow apparently faster than the short ones other things being equal. This e®ect can be noted in the experiment No 4, the Figure 7d , in which the experimental break point is achieved at the conversion of approximately 0.6, while the calculated point is about 0.7. This e®ect was shown, possible, in the experiment No 3, the Figure 7c , the curve 1 0 (though the calculated requirement
in this experiment is not achieved because the calculated swelling degree is, most probably, less than the real one). Unfortunately, the e®ect in the experiment No 4 was not traced up to the end of the process, as the experiment was interrupted long before the complete conversion owing to impossibility of stirring of the very high viscous reaction mixture. The development of a method of control of bimodal MWD formation must be considered as the most essential result of the carried out modeling. Really, if the process would be carried out so, that the volumes of the sediment and the solution would be proportional to the quantity of the active sites in the both phases (i.e. at the close concentrations of the growing chains ends), it would be possible to achieve nearness of the chains propagation rates in the phases. With using of the described above model we calculated such algorithm of dosage of monomer and solvent into the reactor containing the initiator solution, which allowed to realize this idea. Our preliminary experiments with using of DLP as initiator have shown the substantial opportunity of preparation by such way of butadiene oligomer with the MW about 5000, in which MW of the monofunctional and bifunctional fractions practically coincide with each other (according to the FDT analysis by the procedure [25] ). The SEC-trace of the polymer is the unimodal and symmetrical one; its polydispersity is less than 1.15. This fact is, on the one hand, the con¯rmation of the opportunity of the process control, on the other hand, is the direct con¯rmation of adequacy of the model.
Experimental part
The procedures of preparation of monomer and solvent are in detail described in the work [7] . 1,4-dichloropentane was obtained by chlorination of 1-chloropentane until the uptake arrives at about half of the calculated amount of chlorine, as Tischenko described it [26] . The obtained mixture contains unreacted 1-chloropentane, 1,3-and 1,4-dichloropentanes in the ratio ¹ 3 : 4, about 20% of the mixture of 1,1-, 1,2 and 1,5-dichloropentanes and up to 10% of polychlorides. The isomers were separated by vacuum recti¯cation in the packed column of 50 cm length. Composition of the fractions checked by GLC (the chromatograph "Chrom 5", Laboratorni P ¶ risroje, Prague). The yield of 1,4-dichloropentane (the content of the main compound is > 97%) achieves 40% on the expectation of consumed 1-chloropentane; boiling point 49-53º C/12 mm Hg. Synthesis of 1,4-dilithiumpentane was carried out similarly to synthesis of DSDLA [7] by the interaction of 1,4-dichloropentane with lithium in heptane at temperature about 10º C until the complete conversion of dichloride was achieved. Polymerization of butadiene under the action of DLP was carried out in the 1-liter stainless steel reactor. The reactor is supplied with the gate-helical stirrer, which has the drive through the 13-step reducer. The reactor is supplied also with the°ow nipples for linking with the vacuum set for¯lling by the reagents in vacuum or in the argon atmosphere, with the jacket, with the bottom°ow nipple for the samples drawing and unloading of the reaction mixture, with the manometer, with the thermometer pocket and with the two observation glass windows. The solution of initiator was injected into the reactor by the syringe in the argon°o w. Then solvent was dosed into the reactor; temperature of the solution was carried 30º C and then monomer was dosed at stirring. The samples of the reaction mixture were selected on the course of the reaction from time to time. Ethylene oxide was injected into the reactor at the end of the process. Isolation of the polymer samples was carried out similarly to the described one in the work [7] . Exclusion chromatography of the polymer samples was carried out on the liquid chromatograph "Waters", supplied with the refractometric and PDA detectors. The set of the two columns 250x4 mm was used: the¯rst column with Silasorb SPH 600 and the second one with Lichrospher 500. The set ensure the linear calibration in the interval of MW from ¹ 200 up to ¹ 5 ¢ 10 5 . THF was used as eluent, the°ow rate was 0,3 ml/min, temperature of the columns was 30º C. The software "Millennium-32" with the GLC-unit was used for the chromatograms recording and treatment. FDT determination was carried out by chromatography under the critical conditions with use of the microcolumn chromatograph "Milikhrom" (Russia), as described in the work [25] . The column size is 60x2 mm, sorbent Lichrospher 500, 7¹, eluent { the mixture of heptane with 1,4-dioxane (96.8/3.2), temperature of the column 60º C. The end hydroxyl groups of oligobutadienes were converted to the naphtylurethane ones by treating with ®-naphtylisocyanate, as it is described in the work [25] . UVchromatograms were recorded at the two wavelengths { 200 nm (absorption of the polydiene chains) and 220 nm (absorption of the naphtylurethane groups).
Conclusion
Comparison of the experiment with the calculations on the model describing polymerization of butadiene under the action of the dilithium initiators as the process, proceeding in the two-phase system, indicates, that such approach to the solution of the problem of MWD polymodality of obtained polymers is quite adequate. There are no bases to think, that such approach is unsuitable one, in particular, for isoprene. The question may arise: as far as this approach is applicable for styrene polymerization, since it is customary to assume, that the associates of polystyryl lithium are only the dimeric ones. It means, at rst sight, that there are no reasons for formation of the insoluble sediment of polystyryl dilithium.
However, it is necessary to note, that the measurements of the association degree are made until recently on the high molecular weight \living" polymers. It is quite possible that the short chains of polystyryl lithium are capable to form the associates such as the trimers or the tetramers, though less strong ones, than the polybutadienyl-or polyisoprenyl lithium associates. As the polymer chains grow probability of existence of such associates should decrease, taking into account already mentioned dependence of the association degree and the constants of associates dissociation on length of polymer chains [15] . Really, Stellbrink et al. [27] exhibited both the dimeric, and the tetramerous associates at studying of the benzene solutions of polystyryl lithium having MW 2600 by the method of small angle neutron scattering. At the same time, Fetters et al. [28] exhibited only the dimeric associates by the same method in the solutions of polystyryl lithium having MW about 8600 and 15000.
Besides, the constants of associates dissociation of the very short chains (1-2 units on one active site) may be much lower than the constants of polymers, through impossibility of the intramolecular coordination of the lithium end atom with ¼-electrons of non-terminal units. Such e®ect has to occur in the case of polybutadienyl lithium in accordance with the results of quantum-chemical calculations [29] . Really, we observed suspension formation at the interaction of 2,5-dilitiumhexane (about 10 ¡1 mol/l) with styrene in cyclohexane. The sediment dissolves during the further polymerization of styrene. Obtained polystyrene have bimodal MWD. Unfortunately, we have not studied this process in more detail. The further improvement of the model is possible. First, the opportunity of the chains propagation in the sediment and exchange of the macromolecules between the sediment and the solution can be considered as the di®usive controlled process. Second, the improvement of some parameters of the model (the equilibrium constants of dissociation, the character of their dependence on the chains length, the swelling parameters) would be possible with use of the routine methods of optimization after accumulation of the su±ciently representative experimental material not only for butadiene, but also for the other hydrocarbon monomers. It would be rather useful to establish dependence of the association degree and the equilibrium constants of dissociation on the chain length for the very short chains experimentally, including polystyryl lithium. Thus for example, Stellbrink et al. [30] found out that the degree of the polybutadienyl lithium active sites association of the very short chains (MW about 2500) is much more than the tetramerous { up to decamerous one. Thus, the initial gel-fraction can be cross-linked to the much greater degree and more less swelled than in the case of tetramerous association. This circumstance can be one more of the reasons of discrepancy between the calculated and experimental values at the initial stage of the process, as shown in the Figures 7a { 7d. Fig. 1 Some of the possible structures of the associates: a { the ideal network, b { a real network with defects, c { the acyclic bifunctional free molecules and their dimeric associates, d { the cyclic dimeric associates of the bifunctional molecules, e { the tetramerous cyclic associates of the bifunctional molecules, f { combined tetramerous associates of the bi-and monofunctional molecules. The solid circles designate the /living/ chain-ends, the open ones, the non-functional chain-ends. The SEC-traces of the PB sample (the curve 7 on the Figure 5 ) after treatment by ¬ -naphtylisocyanate. 1 { the refractometric detector; 2 { the PDA detector, the slice at 290 nm; * { the peak of the ¬ -naphtylethyluretane impurity. The nal conversion gave: a) 0.83 and b) 0.73, the others were about 1.0. 
